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Abstract:  
Sarcopenia, the age-related loss of muscle mass and strength, contributes to frailty, functional 
decline, and reduced quality of life in older adults. Exercise is a recognized therapy for 
sarcopenia and muscle disfunction, though not a cure. Muscle power declines at an increased 
rate compared to force, and force output declines earlier than mass. Thus, research of exercise 
focused on improving power output and functionality in older adults is needed. Our primary 
purpose was proof-of-concept that a novel individualized power exercise modality would induce 
positive adaptations in adult mice, before the exercise program was applied to an aged cohort. 
We hypothesized that after following our protocol, both adult and older mice would show 
improved function, though there would be evidence of anabolic resistance in the older mice. 
Male C57BL/6 mice (12 months of age at study conclusion) were randomized into control (n=9) 
and trained groups (n=6). The trained group used progressive resistance (with a weighted 
harness) and intensity (~4-10 RPM) on a custom motorized running wheel. The mice trained 
similarly to a human workout regimen (4-5 sets/session, 3 sessions/week, for 12 weeks). We 
determined significant (p<0.05) positive adaptations post-intervention, including: neuromuscular 
function (rotarod), strength/endurance (inverted-cling grip test), training physiology (force/power 
output per session), muscle size (soleus mass), and power/velocity of contraction (in vitro 
physiology). Secondly, we trained a cohort of older male mice (28 months old at conclusion): 
control (n=12) and exercised (n=8). While the older exercised mice did preserve function and 
gain benefits, they also demonstrated evidence of anabolic resistance. 
 
 
 
 
 
 
 
 
 
 
Keywords:  Sarcopenia, Mice, Exercise, Muscle, Power 
  
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Page 3 of 38 
 
INTRODUCTION 
Exercise is a proven therapy used to maintain function in older adults. In order to evaluate the 
efficacy and safety of novel interventions and their synergistic effects with exercise training 
programs prior to clinical testing in humans, animal models of exercise training are used. There 
are several established rodent models of resistance training such as the squat rack mimic device 
(Tamaki 1992; Drummond 2010), a weighted backpack and standing model (Farrell 1999; Wirth 
2003) and the tail weight ladder climb (Hornberger 2004). These models are able to follow the 
principles of progressive resistance training (e.g., increasing weights at specific time points). 
Endurance training is also established in rodent models by running on treadmills or swimming 
for long periods of time (Kregel 2006; Kilikevicius 2013). These training programs result in 
exercise training specific skeletal muscle adaptations. Resistance training results primarily in 
muscle hypertrophy and an increase in strength; whereas, endurance training results primarily 
in improvements in aerobic capacities and cardiovascular function.  
 
In contrast to resistance training and endurance training, power training (resistance training at 
relatively high concentric velocity) is used to improve functional tasks of daily living and explosive 
movements (e.g., such as opening a pickle jar or quickly accelerating walking speed to avoid an 
oncoming car) (Bean 2009; Morgan 2015; Sayers 2014). The formula for power is strength 
multiplied by velocity. Thus, power training enhances functional ability, or movements, because 
it improves both the velocity and force-generating capacity of muscle contraction. Functional 
tasks and movements require endurance, too. In fact, improved physical movements or function 
resulting from an exercise modality encompassing strength, endurance, and power 
simultaneously would be optimal for an individual (e.g., older adult) seeking to maximize the 
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cost/benefit of a training program. Typical training techniques that incorporate functional, power, 
resistance, and endurance aspects include the walking lunge (exaggerated steps under load), 
the farmers walk (walking while holding dumbbells), and running with a weighted pack.  
 
Older adults may face a reduction in the ability to perform the basic activities of daily living (e.g. 
shopping, cooking, cleaning, grooming, getting out to go the doctor, etc.) because of chronic 
illness burden, frailty and sarcopenia. Power is a critical factor for movement-based activities, 
and power training has previously been shown to be efficacious in improving function in older 
adults (McKinnon 2017; Reid 2012; Bean 2009). Thus, to maximize the functional benefit of a 
given exercise program it should both improve power output (e.g., of carrying bags of groceries 
up a flight of stairs) and increase endurance at the same time (e.g., ascending the stairs without 
having to stop and rest!). 
 
Adaptation of an exercise protocol to an individual’s needs and strengths/weaknesses is the 
hallmark of personal training (individualized training), i.e. one size fits all is not an optimal 
program. To our knowledge, there is a dearth of individualized power training programs available 
in rodent models. Moreover, the animal exercise programs described above are not fully 
voluntary as participation by the animal is induced via operant condition (punishment avoidance) 
or by external stressors. An electric shock to either the tail or the feet are used to motivate 
animals in the squat, backpack and treadmill running models. A spray of cold water is used in 
the ladder climb. 
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Because of the multiple benefits associated with human power training programs, the main 
purpose of this study was to design an individualized power training protocol for mice using 
principles of progressive resistance / power exercise, with elements of endurance, that mimic 
the human functional exercises described above, hypothesizing that the training would improve 
physical function and muscle contractility. To test our hypothesis, we assessed a group of 
exercised and control adult mice with a carefully selected battery of functional, contractile, and 
morphological outcome measures. The training modality consisted of running on a powered 
wheel while wearing an increasingly heavy weighted harness. Because this mouse model has 
potential to be a resource for researchers to investigate mechanisms contributing to age-
associated sarcopenia, and strategies to restore age-related loss of physical function, we also 
report herein on a second study where we evaluated instituting this power training program in a 
group of older mice. 
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METHODOLOGY 
Animal Model 
In Study 1, C57BL/6 male mice from the NIA Aging Colony (adult, 12 months old at endpoint) 
were randomly selected to control (n=9) or exercise (n=6) groups. In Study 2, 24-month old 
C57BL/6 male mice from the NIA Aging Colony (28 months old at endpoint) were randomly 
selected to control (n=12) or exercise (n=8) groups. In both studies, the mice were group housed 
with 12-hour light cycle at 22°C and fed ad libitum. All animals were treated humanely in 
accordance with an approved IACUC protocol. Mice were weighed before and after the training 
period. 
 
Training Equipment and Protocol 
Two pieces of equipment were custom-designed and fabricated (Figure 1): A) a Velcro weight 
harness and B) a powered running wheel. In week two the mice underwent baseline testing for 
functional performance, and then the mice underwent through two different training periods: 1) 
acclimation training (1 week) and 2) individualized power training (12 weeks) (Figure 1C). This 
was followed by post-intervention functional performance testing. Specifically, acclimation 
training introduced both the weight harness and running wheel, and the mice were trained to use 
the equipment. During individualized power training both the resistance (mass of weights added) 
and the intensity (velocity at which the mice ran) were carefully adjusted over the time of the 
training period for progressive intensity/resistance according to the ability of each mouse. 
Principles of exercise training were incorporated into the program: progressive 
resistance/intensity, training frequency, number of sets per day, warm-up sets, set duration, and 
rest between sets (8-13). For a more detailed description of the protocol see the Online 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Page 7 of 38 
 
Resource Video 1, and further details in the Online Resource Methods Section, as well as 
Tables S1 and S2.  
 
Outcome Measurements 
Animal Functional Performance and Training Effect 
Animal performance measures were described in detail previously (Graber 2018; Graber 2013). 
The individual performance of each mouse was evaluated at each training session to determine 
adherence to exercise principles and to calculate increases in power output (intensity of effort = 
work/time) (Table S2). 
Rota-Rod tested overall motor function (balance, coordination, stamina, power) using the 
acceleration mode, from 4 rpm to 40 rpm over 5 minutes (Lsi Letica Rota-Rod R/S). The latency 
to fall from the device was recorded. The best of three trials was the outcome measure. Mice 
were trained on the device by doing random sessions 3x/day for 2 days prior to the testing day.  
Grip Test is an indicator of muscle strength and stamina, determined by the inverted cling grip 
test (custom testing device). The animal was placed on a wire grid lid and the lid was then closed 
to invert the mouse. The latency to fall from the lid (to the padded floor of the device 20 cm 
below) was recorded as the outcome measure. The best of two trials was the outcome. 
Training Effect- Whole Body Training Physiology 
The individual performance of the mice was monitored over the training period to determine both 
adherence to the principle of progressive resistance and to examine whether power output would 
increase as the load was increased. Training force, normalized per gram of body mass, and 
normalized training power were all tracked through the duration of the study.  The expression of 
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this data is described by using the common units of milliNewtons for force and milliWatts for 
power. See Table S2 for definitions and calculation equations. 
Tissue and Cellular Response to Training 
 
Muscle Contractility and Hypertrophy 
We used in vitro contractile physiology to determine the contractile properties of isometric force 
(tetanic force), velocity, the force-velocity curve, maximal power output, and the force-power 
curve in the soleus (SOL) muscle; methods have been previously published (Graber 2013, 
Graber 2015a). The SOL, quadriceps (in adult mice only) and plantaris were blotted dry and 
massed to determine wet weight. We also normalized the SOL mass to mouse body weight in 
grams (normalized mass). Plantaris muscles were sectioned and the serial cross-sections (n = 
4 per group) were stained with hematoxylin and eosin and then assessed for single fiber cross-
sectional area using previously published methodology (Graber 2015b).  
Muscle Function- Contractility 
In Brief: The SOL was isolated and perfused with 95% O2/5% CO2 in Krebs/Ringer buffer (at 
25°C). The muscle was tied to a force transducer (Aurora 300b) with 4-gauge silk suture line 
attached at either myotendinous junction and suspended between two platinum electrodes. 
Using an Aurora High Power Bi-Phase Current Stimulator and a Dual-System Signal Interface 
controlled by DMC (Dynamic Muscle Control, v.4.1.6) software, the muscles were stimulated 
with protocols to determine peak twitch force (Pt), optimal length (L0), pre-load tension, and then 
maximum isometric contractile force (P0) was determined using the force/frequency curve from 
10 Hz to 180 Hz stimulus. We also normalized P0 (P0/gbm, gbm = grams body mass) to the body 
mass 
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To determine the velocity of contraction, the load clamp technique was used to generate a force-
velocity curve. The force transducer was set at various percentages of P0 (10%-90%), the SOL 
was set to L0 and then maximally stimulated at the frequency determined to produce P0. Upon 
producing enough force to overcome the set load (clamped at 10-90% P0), the muscle 
concentrically contracted against the load. Velocity of contraction was determined by finding the 
first derivative of the time-distance curve derived from the muscle contraction. Maximum 
unloaded velocity was calculated using a derivation of the Hill Equation [(V+b)(P/P0  a/P0 )= 
b(1+a/P0), a and b are constants, V=maximum velocity at fractional load]. The data was curve 
fit (only r2>0.98) using a customized MatLab program. After establishing the force-velocity curve, 
the force-power curve was derived by multiplying the maximum velocity at each %P0 by the force 
output at each %P0 and fitting the data to a 5th degree polynomial. Pmax was the highest number 
on the curve (first derivative = 0), and the %P0@Pmax was the value at the x-axis where Pmax was 
the y-axis value. We determined physiological cross-sectional area (PCSA) of the SOL with the 
average density of skeletal muscle by using the standard formula: PCSA (cm2) = Muscle mass 
(g) / [L0 (cm) * 1.06 (g/cm3)]. 
Fiber Size-Histochemistry of Plantaris Muscle 
A subset (n = 4 trained and n = 4 control; of both adult and older mice) of plantaris muscles was 
flash-frozen in liquid nitrogen cooled isopentane. An average of n = 793, 440, 683, 592 cells 
(adult control, adult exercise, older control, and older exercise, respectively) were analyzed per 
muscle, and the fibers were pooled for analysis. 10-micron sections were sliced as cross-
sections on a cryostat and subsequently stained with hematoxylin and eosin (H&E). The sections 
were imaged with a microscope at 100x total magnification and then the perimeter of each was 
circled using ImageJ to determine cross-sectional area (CSA).  
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DEXA (dual x-ray absorptiometry) 
In Study 2, using a DEXA system (GE Lunar PixiMus I), we measured lean mass and fat mass 
percentages from the older control, older exercise, and a cohort of adult (12-month old) control 
mice. The mice were anesthetized with a ketamine/xylazine (1:10 ratio) mixture (~100 mg/kg) 
and oriented on the machine, the x-rays were taken and the mice were then allowed to recover 
from anesthesia fully in a recovery cage heated to ~37°C with a heating pad (indirectly placed 
underneath). 
Statistics 
Data are presented as means ± standard error, as appropriate. To compare means between the 
mice, repeated measures general linear model, general linear model, t-tests (independent and 
paired), and ANCOVAs used <0.05 as significant and 0.05<<0.10 as a trend. ANCOVA was 
adjusted for body mass in grip test and rotarod. Linear regression determined relationships 
between variables. 2-sample Kolmogorov-Smirnov, Mann-Whitney U-test, and the independent 
samples median test compared distributions, means, and medians. Symbols: “*” denotes 
p<0.05, significant and “#” denotes 0.05<p<0.10, trend. IBM SPSS v20 and v24 used for 
statistical analysis. 
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RESULTS 
Study 1 Power Training in Adult Mice 
Overall the results demonstrate that the adult mice in the exercise group received tangible and 
significant functional, contractile, and morphological benefit from the power-training protocol 
when compared to the control sedentary group. 
Evidence of Whole-Body Adaptations to Power Training 
Animal Functional Performance Preserved with Power Training (Figure 2) 
In general, the functional performance of the adult mice in the control group declined over the 
12-week training period; whereas, the performance of the mice in the power-training group was 
maintained. Notably, overall rotarod ability was preserved with training, whereas control mice 
function was reduced by 20%. The difference between the two groups was significant (Figure 
2A). The exercise mice also retained grip performance, compared to a 52% loss of strength in 
the control group, once again with a significant difference between the two groups. (Figure 2B). 
Training Effect- Force and Power Production Increased over the Power Training Period  
(Figure 2C, 2D):  
There was a significant correlation between the extent of training adaptation (training force and 
power) and the duration of power training (Figure 2C and 2D). Mean force and power generation 
were significantly increased post training. Mean normalized training force increased by 443% 
(Figure 2C). Mean normalized training power increased 23.4% (Figure 2D).  
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Evidence of Positive Tissue and Cellular Response to Training 
Power Training Induced Muscle Hypertrophy (Figure 3) 
There was an increase in both the SOL absolute wet mass (15%) and normalized mass (26%) 
with power training (Figure 3A and 3B). The wet mass of the quadriceps increased by 21.5% 
(from 148.14 to 179.90, p=0.009) and the normalized quadriceps mass increased by 26.9% 
(from 3.76 ± 0.21 mg/gbm to 4.77 ± 0.30 mg/gbm, p=0.016) (data not shown). In contrast, the 
wet mass and the normalized mass of the plantaris were not significantly different between the 
two groups. The CSA distribution of the single fibers within the plantaris muscles shifted right 
with training (2-sample Kolmogorov-Smirnov, p=0.001) indicating more large cells were present 
in the exercise group (Figure 3C). The median CSA increased 7% with training (Figure 3C). 
The plantaris mean CSA increased 4% from 1933.7 (control group) to 2006.4 µm2 (exercise 
group) (T-test, p<0.001, data not shown).  
Power Training Improved Contractile Velocity and Power (Figure 4) 
The SOL P0/gbm to the size of the mouse tended to be 11% greater in the exercise group. The 
velocity of contraction in the exercise group was faster when contracting against the higher 
percentages (higher loads) of P0 (Figure 4B).  The force-velocity curve tended to shift up with 
exercise indicating increased contractile velocity over the curve (a/P0 was 21% lower in the 
exercise group, 0.018 ± 0.002 compared to the control group, 0.023 ± 0.002; p=0.055). The 
shape of the force-power curve shifted up and to the right, indicating increased power production. 
With exercise, power production increased 39% at 80%P0 and 47% at 90%P0 (Figure 4C), 
representing the upward shift. The %P0 where peak power occurred increased by 7% with 
exercise (control 27.3 ± 0.6% and exercise 29.2 ± 0.5%, p=0.045), representing the rightward 
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shift (Figure 4C). Pmax was not statistically increased with exercise (+10% with exercise, 97.7 ± 
10.5 mN*fl/s, and control, 89.1 ± 4.7 mN*fl/s, p=0.47).  
STUDY 2 Power Training in Older Mice  
Overall the results demonstrate that the older mice in the exercise group received tangible and 
significant functional and morphological benefit, with improved body composition, from the 
power-training protocol when compared to the control sedentary group; though contractile 
parameters were not significantly improved. 
Evidence of Whole-Body Adaptations to Power Training (Figure 5) 
Animal Functional Performance with Power Training  
Overall, the functional performance of the older mice in the control group declined over the 12-
week training period; whereas, the performance of the mice in the power training group was 
maintained, or the loss of function was minimized. Within the exercise group, rotarod ability was 
numerically 9% larger following training (not significant) but the control mice were reduced 6% 
(not significant). There was no significant rotarod difference between control and exercise 
(Figure 5A). Within the exercise group, the mice retained grip performance, however there was 
a significant 22% loss of strength in the control group over the same time period (Figure 5B). 
 
Training Effect: Force and Power Production Increased over the Power Training Period  
There was a significant correlation between the extent of training adaptation to produce force 
(training force) and the duration of training (Figure 5C). Mean normalized training force 
increased by 442% over the training period (Figure 5C). However, mean normalized training 
power did not change over the course of the study (Figure 5D).  
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Body Composition (Figure 6) 
Exercise training reduced body fat accumulation in older mice. Within the groups, a paired 
measures t-test demonstrated that the older exercise mice had a significant 19.5% loss in body 
fat after training (p=0.013), whereas the older control mice essentially maintained fat percentage 
(lost 0.4%; p>0.10). However, in a one-way ANOVA of the percent change between the groups, 
while the older exercise group tended to lose more fat than the older control group, a group of 
adult control mice (age 12 months at final DEXA) significantly gained 58% more fat over the 
same period when compared to both older groups.  
Evidence of Positive Tissue and Cellular Response to Power Training  
Training Induced Muscle Hypertrophy (Figure 7)  
The SOL absolute wet mass tended to increase with training by 15% (Figure 7A), but the 
normalized mass did not significantly alter with training (Figure 7B). In contrast, neither the wet 
mass nor the normalized mass of the plantaris were significantly different between the two older 
groups. We also examined the pooled plantaris fiber data of the two groups (histogram, Figure 
7C). The single fiber CSA of old exercise mice (1203.9±17.9 µm2) was 4.8% larger than the old 
control (1148.0±11.5 µm2) (Student’s T-test p=0.033). The distributions of the single fiber CSA 
were significantly different, with the control group skewed left. The median CSA significantly 
increased 9.6% with training. 
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Power Training Did Not Statistically Improve Contractile Velocity and Power in Older Mice 
(Figure 8) 
SOL P0/gbm was not greater in the exercise group (Figure 8A). The velocity of contraction in 
the exercise group was not different from the controls (Figure 8B).  The shape of the force-power 
curve shifted up and to the right, indicating increased power production, however, the differences 
at the individual %P0 were not significant (Figure 8C). Pmax was not statistically increased with 
exercise (+13% with exercise, 62.0 ± 6.3 mN*fl/s, and control, 54.7 ± 5.3 mN*fl/s, p=0.408).  
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DISCUSSION 
The main goal of Study 1 Power Training in Adult Mice was to create a novel voluntary 
individualized power training protocol for mice using principles of progressive resistance/power 
exercise, with elements of endurance training, that mimic human functional exercise (refer to the 
Online Resource for more details). In order to determine whether the exercise-induced 
adaptations in the mice were equivalent to improvements observed in humans undertaking 
similar power training programs, we selected outcomes measures validated to quantify gains in 
function, muscle contractility, and muscle hypertrophy. This study had two main findings: 1) The 
individualized power training protocol induced positive adaptations in the accepted outcome 
measurements of muscle hypertrophy, muscle force, velocity and power, neuromotor function 
(rotarod), and in the derived measurements of training physiology, 2) These results 
demonstrated the protocol is a mimic of human power training exercise, with both face and 
construct validity. In Study 2 Power Training in Older Mice, our goal was to evaluate the effect 
of the exercise protocol designed in Study 1 in a cohort of older mice. This study had the following 
main findings: 1) The mice experienced evidence of positive outcomes from the exercise 
training.  2)  The adaptations were not as extensive as those observed in the adult mice. 3) This 
exercise protocol has potential for use in mechanistic studies to tease out causes of age-related 
anabolic resistance. 
 
STUDY 1 Power Training in Adult Mice 
Adult Mice Post-Training Improvements Mirror Expected Exercise Induced Outcomes 
The individualized power training resulted in muscle hypertrophy, increased contractile force, 
velocity and power, and improved physical function. These types of improvements have, of 
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course, been reported in humans after resistance and power training programs (Romero-Arenas 
2018, Kraemer 2005, Mitchell 2013, McKinnon 2017, McCall 1996, Tesch 1988, Burkholder 
1994, Morgan 2015). Similar outcomes are observed in various animal models of exercise as 
well (Chen 2016, Tamaki 1992, Drummond 2010, Krisan 2004, Farrel 1999, Fluckey 1995, 
Deschenes 2000, Wirth 2003, Call 2010, Alway 2005). For a more in-depth discussion of other 
rodent exercise protocols, how they compare to our new protocol, and training specificity 
principles see the Online Resource Discussion. 
 
Over the course of the 12-week training program, quantitatively, the mice adapted to moving 
heavier and heavier weights (produced more force) and they produced greater power output 
(velocity*force). These adaptations are consistent with the theory of training volume and exercise 
responsiveness (Schoenfeld 2017, ACSM 2009).  Anecdotally, mice improved functionally from 
being unbalanced and having poor gaits at slow speed with light weights in the beginning of the 
training program to eventually quickly running confidently, and fast, with weights greater than 
50% of their body mass loaded on their vests (See Online Resource Video 1). These 
observations demonstrate, qualitatively, that the mice gained functional aptitude as a result of 
the training sessions. We also observed similar adaptations in the older mice in Study 2.  
Because this power exercise protocol improved movement capability in both younger and older 
mice, the findings herein and future mechanistic studies using this protocol apply translationally 
to human exercise regimens designed to improve functional movement. 
 
While positive functional/movement adaptations were documented in the adult mice, they also 
had numerous muscle contractility improvements and evidence of muscle hypertrophy following 
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the training period. The hallmark of many power training programs is to facilitate 
performance/power production under increasingly heavy loads. Notably, with our individualized 
power training program, the increases in SOL velocity and power output occurred at the upper 
limits (above 60% P0) of the force-velocity and the force-power curves. These improvements in 
muscle function represent enhanced ability to move while exerting a high percentage of 
maximum force. The training program produces expected results similar to power training 
programs instituted in humans, such as Olympic weightlifting or strongman training. Collectively, 
based on the improvements spanning from how the mice moved to changes within the individual 
muscle fiber, we conclude that our validated individualized power training protocol for mice is a 
valuable resource for pre-clinical and basic science exercise adaptation research.   
 
STUDY 2 Power Training in Older Mice 
Older Mice Exhibited Some Post-Training Improvements  
In Study 2 we applied our individualized training protocol from Study 1 to a cohort of older mice 
to determine the effect of training in aged animals. Our hypothesis was that the older mice would 
have multiple areas of improvement after training for 12 weeks, but that the effect would be 
modulated by the age of the mice. Based on published literature reporting age-dependent 
responses to exercise training, we expected evidence of resistance to anabolic stimuli 
manifested by a reduced or non-response in some of the outcome measures. One interesting 
observation was the wide spread of the data (variance) in the outcome measurements in both 
age-groups. This variance suggests same chronologically-aged individuals may experience 
differential functional/biological aging; i.e. some mice declined in function more rapidly than 
others in a given age group. Although the two studies were done separately, it is clear that both 
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ages of mice received some benefit from the exercise protocol. However, the overall effect was 
lessened or attenuated in the older cohort (see Table 1, and in the Online Resource: Tables 
S4 and S5; and Figures S1-S2 where we do compare the results of the two studies), potentially 
as a result of anabolic resistance.   
 
Anabolic Resistance  
Anabolic resistance represents the blunted responses to stimuli (e.g. nutrient signaling and 
exercise) that normally induce anabolism. Anabolic resistance has been chronicled in numerous 
skeletal muscle studies demonstrating a general lack of responsiveness with age to nutrient 
sensing pathways and exercise (Burd 2013; Koopman 2009; Kumar 2009; Degens 2003; 
Francaux 2016; Drummond 2008, Guillet 2004; Fry 2011a; Cuthbertson 2005). However, a few 
studies have indicated little difference between young and older individuals (Chevalier 2011; 
Symons 2011). Potential causes of an age-related blunted response to anabolic stimuli are 
numerous and include interactions between factors such as: senescent cell secretory profiles 
(e.g. cytokines), satellite cell dysfunction, disrupted autophagy, overproduction of reactive 
oxygen species, mitochondrial abnormalities, and insulin resistance (Garcia-Prat 2016; Gomes 
2017; Guillet 2004; Morais 2018). Two age-associated systemic dysfunctions, enhanced global 
inflammation and endocrine system dysregulation, likely also contribute to anabolic resistance. 
The inflammatory response post-exercise is an important signal for muscle to begin to initiate 
repair, yet, elevated age-related global inflammation may obscure this signal, thus contributing 
to a reduced exercise response (Merritt 2013). Older adults experience alterations in hormonal 
production, including a global reduction in free testosterone and somatotropin, each being 
important anabolic hormones, that when sufficiently produced allow for muscle growth (Sipila 
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2013; Gray 1991; Van den Bel 2000). Thus, older adults having less free testosterone or growth 
hormone in circulation creates a less permissive environment for muscle hypertrophy. 
Collectively, these observations suggest the overall systemic physiological environment may be 
less conducive towards anabolism in the elderly. 
 
In addition to and perhaps partially as a result of systemic changes in older adults, changes at 
the cellular and molecular level also occur that negatively affect anabolic responses. Impaired 
protein synthesis signaling with age has been implicated as a possible source of anabolic 
resistance (Fry 2011a). The cell signaling cascades associated with muscle hypertrophy (for 
example nutrient sensing, exercise, and growth factors) all feed through mammalian target of 
rapamycin complex 1 (mTORC1) (Glass 2010), and may be less responsive to a given stimuli in 
older versus younger subjects (Burd 2013). For instance, there is evidence that activation of 
mTORC1, by resistance training, is compromised in aging (Fry 2011b). Another example of 
cellular/molecular factors of anabolic resistance would be that the ability of the satellite cell to 
activate, proliferate, differentiate, and ultimately fuse with existing fibers to promote muscle 
repair, is also compromised with age, which would reduce the ability of muscle to recover and 
regenerate after heavy exercise sessions (Conboy 2005; Gopinath 2008). Throughout the 
literature there is a theme that age results in a compromised ability to respond to anabolic stimuli 
with the same robustness experienced by younger adults, due to systemic factors and/or 
molecular/cellular changes. 
 
In contrast, it has been suggested that the elderly possess potentially equivalent response 
mechanisms but may require a greater stimulus to achieve the same benefit as younger adults 
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(Symons 2011; Moore 2015; Bickel 2011; Shad 2016). For example, Moore and colleagues 
demonstrated that to obtain a comparable level of mTORC1 signaling and protein synthesis 
observed in younger adults, older adults required a larger intake of protein.  
 
There are many modifiable cofactors that might have played a role in the reduced response to 
training that we observed in our older mice, as just mentioned in our discussion of anabolic 
resistance. Potentially, an improved response could be achieved by further tailoring the exercise 
protocol to older mice. During Study 2, we observed that the older mice sometimes were unable 
to increase resistance (weights) after three sessions of training, but instead, had to wait until the 
fourth session. Thus, they had lower volume of training overall compared to the adult mice, which 
might have resulted in reduced adaptation to the exercise. One important change to counteract 
this would be to extend the training period to 16 weeks rather than 12, as it may simply take 
longer for the older mice to adapt to the exercise. In addition, to overcome the lower response 
in older animals, synergistic treatments to exercise training might have an additive effect. An 
example would be nutrient support, such as increased dietary protein, which might help to 
improve muscle hypertrophy and strength gains in the older animals. In a second example, 
reduced levels of testosterone in the older mice may have reduced the rate at which muscle 
mass could be added. Thus, testosterone supplementation, in conjunction with the exercise, 
might also improve anabolic response. In essence, a multifactorial problem (e.g. anabolic 
resistance, or sarcopenia) requires a multifactorial solution. Thus, we are proposing a paradigm 
shift towards personalized (individualized) precision exercise. 
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Precision Exercise: 
 A key concept to maximizing benefit of any exercise is tailoring the exercise program to the 
individual. We consider exercise to be a form of regenerative medicine and thus believe the 
future of individualized exercise training is in the same arena as individualized medicine. 
Precision medicine is an approach to healthcare in which treatments are tailored to the individual 
needs and genetics of the patient. We suggest precision exercise is a needed advance in 
rehabilitation and general exercise physiology, because in any given population there will be 
low-responders, mid-responders, and high-responders to exercise prescriptions (Thalacker-
Mercer 2013). Thus, by individually tailoring exercise/rehabilitation prescriptions to the genetic, 
epigenetic, metabolic, hormonal, and other profiles of each patient, we may improve response 
to exercise and hasten acquisition of beneficial effect. To this end, both basic science and 
translational work are needed to determine biomarkers that predict exercise response and what 
modalities can be prescribed to improve response at the individual level. Future studies can 
examine these questions in more detail. 
 
Functional Preservation: 
In Study 1, we demonstrated first that the individualized power training effectively stimulated 
positive adaptation in the adult mice, but we also demonstrated that the adaptations were less 
robust in the older mice in Study 2. When tracking whole body training physiology (force and 
power output) over each training session we observed evidence of blunted exercise response: 
the older mice certainly did not progress as quickly or to the extent as observed in the adult mice. 
This is a typical result observed in human exercise trials when older adults (Moro 2018) 
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undergoing a similar exercise protocol are compared to younger adults (Reidy 2016). We also 
observed limited evidence of tissue/cellular exercise adaptations in the older mice when 
compared to the adult mice (see Table 1). This is not surprising because human training 
literature has reported a reduced hypertrophic response to exercise in older subjects (Kumar 
2009; Welle 1995). 
 
However, functionally, both in the rotarod (overall neuromuscular motor function) and inverted 
cling grip test (strength/endurance), the old mice showed some evidence of improvement (main 
effect of training, when collapsed across age). Without exercise, older mice tended to decline 
(see the control groups in both current studies), but with exercise the decline in function has 
potential to be mitigated. In previous work (Graber 2015b), we demonstrated that voluntary 
wheel running resulted in similar adaptations of increase rotarod ability in both adult and old 
mice, and decreased incidence of frailty in older mice. Therefore, we conclude that older animals 
can improve functionally given sufficient exercise stimulus. This has been reported in human 
studies of exercise and function as well (Marini 2008; Fiaterone 1990; Capodaglio 2007). Thus, 
exercise in older individuals may not produce increases in positive adaptations to the same 
extent as it might in younger individuals, or may not produce improvements at all. Nonetheless, 
it is important to acknowledge and embrace that preservation of physical function or fitness is a 
goal when it comes to improving the lives of older adults. 
 
While this was a study of the benefits of a relatively short-term acute bout of exercise 
intervention, we hypothesize that life-long precision exercise training designed to serve the 
specific needs of a given individual would promote greater health benefits and positive 
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adaptations. We know that both resistance and aerobic exercise can help ameliorate some of 
the molecular hallmarks of aging such as: genomic instability, telomere attrition, age-associated 
epigenetic alterations, loss of proteostasis, mitochondrial dysfunction, and so forth (Rebelo-
Marques 2018). Our opinion is that one should start an exercise program, and maintain it, early 
in life to gain maximum benefit against age-related loss of functional capacity. However, it is 
important to note that any age and fitness level, even those who are already frail, can benefit 
greatly from initiating an exercise regimen (Fiaterone 1990). 
 
In humans, it has been shown in numerous studies of endurance-style training that sustained 
life-long exercise can help to promote skeletal muscle and cardiovascular health and preserve 
physical function (Landi 2018; Shibata 2018; Campbell 2019). Resistance training in both 
sustained long-term well-trained and life-long weight lifters, has been has been much less well 
studied. However, it could be expected that both sustained long-term and life-long well-designed 
resistance training exercise programs would certainly preserve muscle mass, strength, function, 
and delay/retard the downward trajectory of sarcopenia (Aartolahti 2019; Landi 2018; Law 2016). 
An individual practicing resistance exercise long-term over the lifespan would not suffer as much 
from disuse atrophy, might preserve the larger type 2 muscle motor units longer (use it or lose it 
principle), and would have increased lean muscle mass during the adult life such that there 
would be that much more muscle to lose during older adulthood before the amount lost would 
trigger maladaptive functional alterations (Lavin 2019; Botero 2013). Thus, a long-term sustained 
exercise program combining endurance, strength and power adaptations, such as the protocol 
in the current study, would enable the maintenance of physical function in older adults better 
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than a single acute training period or even sustained training comprising only a single element 
of exercise paradigm (i.e. aerobic or resistance training only).  
  
Overall Conclusion: 
The adult trained mice demonstrated evidence of improvement in all measured areas. However, 
when we applied the training protocol to the cohort of older mice, although we observed multiple 
areas of improvement with training, the effect was modulated by the age of the mice. In the older 
cohort of mice there was evidence of resistance to anabolic stimuli manifested in a reduced or 
non-response in some of the outcome measures. Overall, the specific adaptations expected and 
observed from the exercise were similar to human studies (Miszko 2003).  
 
In our future direction we will be determining what mechanisms contribute to the reduced level 
of exercise response in older mice. In addition, we will seek to determine what mechanisms 
cause the wide individual variability of response within age groups, i.e. why do some mice (or 
humans for that matter) respond at a high level to exercise while others have a lessened or null 
response? We conclude that our validated individualized power training protocol for mice is a 
valuable resource for pre-clinical and basic science translational/reverse translational exercise 
adaptation research in both adult and older mice.  
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Figure Captions 
Figure 1 Training Equipment and Study Design A. Weight Harness. A Velcro weight harness 
to which small lead weights were applied with 3 main components: 1) padded elastic band, 2) 
Velcro strips connecting the bands, 3) lead weights that can be added in various combinations 
to increase resistance B. Powered Running Wheel. A powered running wheel engineered by 
mounting a steel caged-in 27.5 cm diameter running wheel to a rotary electric motor with a speed 
controller that could rotate between 1-10 revolutions per minute. 3 main components: 1) 
enclosed running wheel with door, 2) electric motor, 3) speed controller (1-10 rpm). C. Study 
Design and Training Schedule. Functional testing consisted of rotarod and grip test. Acclimation 
Training started in week 3 and consisted of exposure to the running wheel and weight harness. 
The Training Period begins in week 4 and was individualized to the performance of each mouse, 
using progressive weight and intensity. Post-testing followed the training period and consisted 
of post-intervention rotarod, grip test and muscle contractile physiology. 
 
Figure 2 Exercise Preserved Functional Performance A. Rotarod performance preserved 
with training. B. Grip function preserved with exercise. C. Training force, the amount of force 
produced by the mice/gram of body mass, increased over the course of the training. D. Training 
power, the amount of power produced/gram of body mass increased over the course of the 
training. Symbols: “*” = p<0.05, each symbol in scatter plots is the result from an individual 
mouse (except for “means”). Filled symbols are before the training intervention period and open 
symbols are after the intervention period. Individual symbols to the right of the data spread 
represent the mean ± SE. Lines delineate significance. Diamonds = control mice; Triangles = 
trained mice. Statistics: A. and B.: 2x2 Repeated Measures ANCOVA, adjusted for body mass 
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of mice). C. and D.: Each symbol in the regression plots is the mean of all mice at the given 
session. mN = milliNewtons, gbm = grams body mass, mW = milliWatts, equation is simple linear 
regression. 
Figure 3 Training Induced Hypertrophy in Adult Mice. A. Soleus (SOL) mass increased with 
exercise. B. SOL mass normalized to body size increased with exercise. C. Median cross-
sectional area of pooled individual fibers from the plantaris muscle significantly increased and a 
significant size distribution shift right in exercised mice. D. Representative Image of the plantaris 
muscle and cross-sectional area, hematoxylin and eosin. Frequency % = 100 * [(number of fibers 
in each bin) / (total number of fibers measured)]. Symbols: “*” = p<0.05, numbers at the base of 
the bar graphs are the mean, CSA = cross-sectional area in micrometers
2
, mg = milligrams, gbm 
= grams body mass. Statistics: Panels A and B Student’s T-tests; Panel C 2-sample Kolmogorov-
Smirnov, Independent Samples Median Test.  
 
Figure 4 Training Improved SOL Contraction A. Soleus muscle normalized force (mN/gbm) 
tended to increase. B. Contractile velocity increased under heavy load (curve displayed 
truncated at 30% P0 to highlight differences, no difference from 0-20%). C. Power output 
improved under heavy load. a and b = %P0 at Pmax for control and exercise, respectively. 
Symbols: “*” = p<0.05, “
#
” = 0.05<p<0.10, numbers within bar graphs are the mean, each 
symbol in the plots is the mean from each group at the given %P0, P0 = peak tetanic force, mN 
= milliNewtons, gbm = grams body mass, fl/s = fiber lengths per second. Statistics: Students T-
test.  
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Figure 5 Exercise Preserved Functional Performance A. While training did not improve 
rotarod performance in older mice, function was preserved. B. Grip function preserved with 
exercise and grip function was lost in control mice. C. Training force, the amount of force 
produced/per gram of body mass, increased over the course of the training. D. Training power, 
the amount of power produced/gram of body mass remained static over the course of the 
training. Symbols: “*” = p<0.05, each symbol in scatter plots is the result from an individual 
mouse (except for “means”). Filled symbols are before the training intervention period and open 
symbols are after the intervention period. Individual symbols to the right of the data spread 
represent the mean ± SE. Lines delineate significance. Diamonds = control mice; Triangles = 
trained mice. Statistics: A. and B.: 2x2 Repeated Measures ANCOVA, adjusted for body mass 
of mice). C. and D.: Each symbol in the regression plots is the mean of all mice at the given 
session. mN = milliNewtons, gbm = grams body mass, mW = milliWatts, equation is simple linear 
regression.  
 
Figure 6 Older Mice Improve Body Composition with Training Fat percentage was reduced 
with training in old exercised animals by 19.5% (paired T-test, before and after training, data not 
shown, p=0.013, represented by *). Adult control mice gained fat while older control mice 
maintained fat level. No data available for Adult Exercise mice. Symbols: Symbol with error bars 
to the right of each group are the mean ± standard error. Diamonds are adult control (AC, n=12), 
squares are old controls (OC, n=7) and triangles are old exercise mice (OE, n=11). “*” indicates 
significance at p<0.05 and “#” indicates a trend of p<0.10. Lines indicate significance from one-
way ANOVA comparing percent change: f = 24.403, p<0.001. AC>OC, p<0.001; AC>OE, 
p<0.001; OC>OE, p=0.072. 
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Figure 7 Training Induced Hypertrophy in Old Mice, a tendency. A. Soleus mass tended to 
increase (p=0.089). B. Soleus mass normalized to body size increased numerically, but not 
significantly (p>0.05). C. Median cross-sectional area of individual fibers from the plantaris 
muscle significantly increased (p<0.05) with a significant size distribution shift right in exercised 
mice. D. Representative image of the plantaris muscle and cross-sectional area, hematoxylin 
and eosin. Frequency %=100 * [(number of fibers in each bin) / (total number of fibers 
measured)]. Symbols: “*” = p<0.05,”
 #
” = 0.05<p<0.10 numbers at base in bar graphs are the 
mean, CSA = cross sectional area in micrometers
2
, mg = milligrams, gbm = grams body mass, 
OC = older control, OE =older exercise. Statistics: Panels A and B: Student’s T-tests; Panel C. 
2-sample Kolmogorov-Smirnov, Independent Samples Median Test.  
 
Figure 8 Training did not improve SOL contraction in Older mice. A. SOL (soleus) muscle 
normalized force (mN/gbm) did not alter significantly. B. Contractile velocity did not alter 
significantly (curve truncated at 30% P0, no significant differences anywhere on curve). C. Power 
output did not change significantly. a and b = %P0 at Pmax for control and exercise, respectively. 
Symbols: numbers within bar graphs are the mean, each symbol in the plots is the mean from 
each group at the given %P0, P0 = peak tetanic force, mN = milliNewtons, gbm = grams body 
mass, fl/sec = fiber lengths per second. Statistics: Students T-test.  
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Table Captions: 
Table 1 Summary of Anabolic Response Findings The adult mice demonstrated improvement 
in all categories, but the old had a more limited response. The percentage change for each 
exercise group in comparison to the age matched controls is listed in the appropriate cell and 
(from t-test). The p-value compares the fold change in each category, normalized by the mean 
of the age-matched control, in the adult exercise group to the change in the old exercise group. 
Main Effects are from 2x2 ANOVA or ANCOVA (see Online Resource for details), with p-values 
bolded if significant. Total significance adds the number of categories in which there was a 
significant change or trend (p<0.10). Abbreviations: Diff = difference in seconds; N. TR Power = 
normalized training power, N. TR. Force = normalized training force, p-values from general 
Linear Model comparison of the regression lines; SOL = soleus muscle; N = normalized to grams 
of body mass; PCSA = physiological cross-sectional area; P0 = maximum isometric force; a/P0 
= measurement of shape of the force velocity graph; Velocity = contractile velocity improved at, 
at least, one percentage of P0, Power = contractile power improved at, at least, one measured 
percentage of P0; %P0@Pmax = percentage of P0 where maximum power is produced; Plant. = 
plantaris, CSA = cross-sectional area; ME Age = main effect of age, ME Training = main effect 
of training, ME Int. = interaction term of age*training, from 2x2 ANOVA or ANCOVA (details of 
statistical methods and results found in Online Resource); N/A = not applicable. Other Symbols: 
parenthesis indicate a non-significant change; “Up Arrow” = significant improvement in at least 
one subcategory; “Dash” = no significant improvements; ⱡ = from General Linear Model 
comparison of regression curves; items Bolded if the difference in means was significant at 
p>0.05, in Italics if p<0.10. 
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Table 1 
 
 
Measurement AE 
n=6 
OE 
 n=9 
p-value ME 
Age 
ME 
Training 
ME 
INT. 
Rotarod Time Dif. +127 (+196) 0.560 0.395 0.026 0.509 
Grip Test Time Dif. +81 (+52) 0.650 0.992 0.080 0.556 
N. Tr. Force   <0.001ⱡ N/A N/A N/A 
N. Tr. Power   <0.001ⱡ N/A N/A N/A 
Final Body Mass (-9) (+2) 0.090 0.001 0.359 0.197 
SOL Mass +15 +15 0.996 <0.001 0.016 0.134 
N. SOL Mass +26 (+15) 0.410 0.160 0.009 0.465 
SOL Fiber Length +6 +8 0.567 0.093 0.020 0.771 
SOL PCSA (+10) (+20) 0.792 <0.001 0.088 0.661 
SOL P0 (+1) (+5) 0.111 <0.001 0.440 0.583 
N. SOL P0 +11 (+3) 0.577 <0.001 0.071 0.473 
a/P0 -22 -16 0.359 <0.001 0.008 0.987 
Velocity  - <0.05 All @ 50, 60, and 80%P0 @ 80 and 90%P0 
Power  - <0.05 All @ 60, 80, and 90%P0 @ 90%P0 
%P0 @ Pmax +7 (+2) 0.043 0.188 0.022 0.188 
Plant. Mean CSA +5.4 +4.8 0.500 0.001 0.001 0.172 
Table 1 Click here to access/download;table;Table1_021219.docx
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Methodology 
 
Training Details (Figure 1). 
The following is a more detailed description of how the power training protocol was 
designed and performed. See Table S1 for definitions of human exercise principles that 
were incorporated into this new model. 
 
Acclimation training  
In the first training session of the acclimation training (Figure 1C) the mice were 
introduced to the powered running wheel (Figure 1B). The powered running wheel was 
set at a low speed (4 rpm) and the mice quickly learned to walk on the wheel. Next, during 
the following training session, the mice were trained to accept the weight harness (Figure 
1A). In order to have a mouse accept the weight harness successfully, a modified single 
banded harness with no weights was placed over their shoulders and then removed after 
a short period (~5 seconds). This step was repeated 3 times. 
 
In the following training session, the harness (without weights) was placed on the mouse 
and the mouse was put into the powered running wheel (4 rpm) for 30 seconds. Once 
again, this step was repeated 3 times. On the last day of acclimation training the mice 
wore the harness with a light weight (3.2g) and were then placed in the running wheel for 
3 repetitions of 30 seconds at 4 rpm. This last day of acclimation training was also the 
first session of the individualized power training period described below. 
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Individualized Power Training 
The mice initially trained for the first week with the very light weight (3.2g) and a single 
band harness. After the third day of using 3.2g, the mice were introduced to the double-
banded harness (Figure 1A) that was used throughout the remainder of the training. 
During this session, the weight in the harness was increased to 4.5 g.  At this stage of the 
training, the weights placed in the harness increased 10-15% every 3rd to 5th training 
session (depending upon the progression of the mice cohort) with the goal of carrying 
~50% body mass in the harness at the end of the training period.  
 
Importantly, the intensity of the exercise was individualized such that the mice ran on the 
running wheel at variable speeds according to their progression (4-10 rpm). The optimal 
goal for each set was to have the mouse “fail” (failure is defined below) while running for 
less than 60 seconds (~30 to no more than 75 seconds) by increasing the rpm to make 
running with the weight more difficult. We choose 60 seconds as our target goal for 
training time because the mice would be using primarily anaerobic pathways to fuel the 
exercise bout, followed by aerobic during recovery. This would closely mimic similar 
human styles of training. Because the training was individualized the time, distance, and 
weight were recorded for each set during every training session. 
 
Failure 
Failure was defined in 3 ways: 1) the mouse was incapable of maintaining the rpm in the 
running wheel. Specifically, the inability to maintain the velocity resulted in the vertical 
position of the mouse at the back of the wheel.  2) The mouse stumbled 3 times.  We 
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define “stumble” as losing balance to a degree that gait is disrupted. 3) The mouse 
refused to run and grasped the grid of the running wheel or threw off the harness (note, 
the mice participate voluntarily and can refuse to participate). The first time the vertical 
position of the mouse was observed, the mouse grasped the grid or the mouse stumbled 
(first and second time), the rpm of the running wheel was adjusted to a lower speed. If 
the vertical position was observed a second time or the mouse stumbled a 3rd time, the 
training set was considered complete (went to failure). 
 
Noncompliance 
A mouse was considered noncompliant when he refused to run or removed his harness. 
A mouse was given 3 opportunities to participate successfully in the specific training 
session. If not successful, the mouse was excused. Because of this voluntary aspect of 
the training, if a mouse needed extra time to rest it could refuse to train for a session 
without consequence to the study. The protocol is designed such that if a mouse were to 
refuse to perform for 3 consecutive sessions, it would be removed from the study. No 
mice had to be removed from the current studies for repetitive noncompliance. 
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Results 
 
No Change in Relative Body Mass Between Groups 
There was no change with the intervention in the relative proportion of mass between the 
control and exercise groups (Table S3). Specifically, at baseline, body mass was 
significantly different between the two adult groups with the control mice (32.2±0.8 g) 
being 8% heavier, p=0.037, than the trained mice (29.9±0.4 g). The mean mass of the 
adult control after the intervention (40.4±1.9 g) was 9% greater than the mass of the adult 
trained group (37.1±1.2 g), p=0.001. There was also no change in the older control, with 
a nonsignificant 3% mass lost in the older exercise. Note however, the older trained mice 
lost on average, 19% body fat (see Fig 6), thus quite a bit of lean mass was added. 
 
Discussion 
 
Discussion Part 1 Other Animal Models of Exercise and Muscle Hypertrophy 
To our knowledge, no representative mouse models of individualized non-invasive, 
voluntary, and physiological progressive power training exist for the mouse. In order to 
evaluate the efficacy and safety of novel interventions and their synergistic effects with 
power training prior to clinical testing in humans, an animal model of voluntary power 
training is needed. As we are defining power training as a combination of aerobic and 
resistance training with an emphasis on moving weights at high velocity, it is important to 
acknowledge current models of exercise and hypertrophy already established. The 
literature has numerous examples of rodent exercise, and following is a brief review of 
some pertinent models. 
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In the current study we define voluntary participation as performance of the activity 
without external coercion (e.g. shock), with the opportunity to refuse to perform the task. 
This voluntary aspect is very important to our protocol, because we do not coerce the 
mice to perform with a shock or use starvation to motivate them to seek food as some 
other protocols do. Other voluntary exercise models do exist. For example, to mimic 
endurance exercise training, some research teams adopt voluntary wheel running (VWR) 
(Graber 2015). This is truly voluntary, as the mice chose whether or not to exercise, for 
how long and at what intensity. They have a wheel in their cages and can use it or not 
according to their whim. However, this means that the mice might not exert themselves 
to the highest level.  VWR is a well-documented aerobic exercise model, but it has been 
adapted by some researchers into an approximation of resistance/power training. In this 
model, the mouse must overcome either increasing friction to turn the wheel or increasing 
momentum to get the wheel started (Call 2010). However, in this method, while very 
useful, the mice do not follow a specific or designated training program, as would humans 
training in the gym or in human exercise studies. The mice simply hop onto the wheel 
whenever, for how long, and for the intensity that they chose so this is less representative 
of human exercise trials that have specific training programs. 
There are few, if any, resistance training models in the mouse, but quite a few models of 
resistance training do exist in the rat such as: a squat rack mimic device, first 
characterized by Tamaki and colleagues (Tamaki 1992, Krisan 2004, Drummond 2010), 
a weighted backpack and standing model (Farrell 1999, Fluckey 1995) or the tail-weight 
ladder climb (Deschenes 2000). However, these models are not fully voluntary as 
participation is induced via operant condition (punishment avoidance) in the squat and 
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backpack models with an electric shock to either the tail or the feet, respectively, or in the 
ladder climb with a spray of cold water. Other research has used food reward as an 
alternative to punishment for conditioning, but in these models the rats must be food 
restricted in order to induce hunger (Wirth 2003), which involves its own external 
stressors.  
It is also important to acknowledge there are excellent models of muscle hypertrophy 
(Always 2005, Cholewa 2014), such as synergistic ablation (Timson 1985) or electrical 
stimulation (Ryan 2010), that some groups use to approximate resistance exercise 
stimulus. Available mouse models of hypertrophy, however, are not optimal models of 
voluntary resistance training because an optimal translational model follows principles of 
biomechanics, nerve and muscle physiology (e.g. fiber recruitment patterns), and mimics 
voluntary progressive training in humans. Moreover, these models are associated with 
increased stress, multiple bouts of anesthesia, result in abnormal muscle hypertrophy, 
and can cause muscle injury (Always 2005, Cholewa 2014, Timson 1985, Ryan 2010). 
Therefore, the need exists for a mouse model that closely approximates human power 
training exercise, is voluntary, and follows physiological principles (e.g. the size principle 
of neuromuscular activation). 
Since, current hypertrophy models used to investigate cellular mechanisms in mice are 
less representative of voluntary human training, and there seem to be as yet no well-
established power training model, we intended to produce and validate a voluntary mouse 
exercise protocol that mimics human power training as would be performed in the 
gymnasium. Such training improves performance and physiological parameters including: 
Online Resource for:  
Novel Individualized Power Training Protocol 
Preserves Physical Function in Adult and Older Mice 
 
Page 8 of 17 
 
muscle strength, endurance, power output, speed, balance, coordination, motor 
performance, and induces hypertrophy (Kraemer 2000, Kramer 2005). Thus, we 
hypothesized that many of these same adaptations would occur in our trained mice, and, 
if so, would successfully validate the protocol as a mimic of human exercise. 
Discussion Part 2 Training Specificity 
Training specificity refers to the actions of an exercise producing adaptations that facilitate 
functional improvement in activities similar to the exercise (Morrissey 1995). For example, 
in order to become better adapted for sprinting, practicing by running at a rapid pace 
induces more positive effects than would long-distance swimming. Specificity can also 
refer to the muscle groups targeted by an exercise. For example, biceps curls activate, 
stimulate and induce plasticity in the biceps (arm flexor), but would do little or nothing to 
the gastrocnemius (plantar flexor). Hence, in the current study training specificity refers 
to the mode of exercise (running with a weighted pack), which muscles are influenced, 
and what functional changes would be expected to occur. Specifically, the outcome 
measures more closely related to the exercise modality were expected to have greater 
relative change after training (rotarod would improve more than the inverted cling grip 
test). The muscle groups used for plantar flexion (gastrocnemius complex consisting of 
the gastrocnemius, soleus and plantaris) or leg extension at the knee (quadriceps) would 
be the most affected muscles. Thus, within the limits of training specificity we expected 
to see evidence of improvement in the outcome measures we selected as an indication 
that our training protocol for mice was indeed a mimic of human weight training.  
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Supplemental Tables 
 
Table S1 Training Principles used in Power Training Protocol  
  
Term Explanation/Description Application in Study 
Progressive 
Resistance 
Exercise performed with increasingly heavier weights over 
time 
Increased weights every 3-5 
sessions  
Progressive 
Intensity 
Exercise performed at a faster pace or with reduced resting 
time 
~4-10 rpm, by individual 
ability 
Rest Period 
Recovery time between sets, a typical rest period for strength 
enhancement is 4-5 minutes 
4-5 minutes rest 
Frequency Number of exercise sessions performed each week 
1 session per day, 3 days 
per week 
Sets 1 continuous bout of numerous repetitions of exercise 4-5 sets per session 
Set Duration 
Number of repetitions per set, Humans: hypertrophy 8-15 
repetitions, power 3-6 repetitions, usually not more than 1 
minute (15 reps at ~4 seconds) 
~30 to <60 seconds, 
anaerobic, to equal typical 
human set duration 
Training 
Period 
Length of training.  Many human studies are 3-4 months. 
First 1-4 weeks, mainly neural adaptions. Hypertrophy main 
effect after 4 weeks.  
12 weeks 
Warm-up Sets 
Initial sets performed at very light weight and/or intensity to 
prevent injury and prime for heavier lifting  
1 or 2 warm-up sets per 
session 
Failure 
The last repetition of an exercise that can be safely 
performed in good form 
Stumble 3x or reach vertical 
position twice 
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Table S2 Training Physiology Definitions Units: mN = milliNewtons, g = acceleration 
due to gravity 9.8 meters/second, gbm = grams of body mass, mW = milliWatts, mJ = 
milliJoules  
  
Training 
Parameter 
Definition Equation 
Training 
Force (mN) 
Total mass of the mouse plus 
weight used in each session. 
Mass in grams (mouse mass + weight and 
harness) * acceleration (g) 
Normalized 
Training 
Force 
(mN/gbm) 
Total weight the mice lifted 
(including body mass) per 
gram of body mass. 
Training Force/ grams of body mass (gbm) 
Training 
Power (mW) 
Work performed per second. 
Training Power (mW) = Work (mJ) / time (s)  
[Work (mJ) = Training force (mN) * distance run 
(m)]; 
Normalized 
Training 
Power 
(mW/gbm) 
Power produced per gram of 
body mass. 
Training Power / gbm 
Online Resource for:  
Novel Individualized Power Training Protocol 
Preserves Physical Function in Adult and Older Mice 
 
Page 11 of 17 
 
 
 
Table S3 Animal Characteristics ME Age = main effect of age, ME Trained = main effect 
of training, ME Inter. = interaction effect of age*training (numbers in columns = p-value 
from 2x2 ANOVA with bold indicating significance); different letters indicate differences 
at p<0.10; “ ⱡ  “ ≠ Older Control, p<0.05; “ § “ ≠ Adult Exercise, p<0.05; “ ¥ ” = Adult Exercise; 
BMI = body mass index; sac.= sacrifice; gbm = grams of body mass; PCSA = 
physiological cross sectional area; P0 = maximum tetanic force; g = grams; mg = 
milligram; mN = milliNewton; kg/M2 = kilogram divided by meters squared.  
  
 Unit Adult 
Control 
Adult 
Exercise 
Old 
Control 
Old 
Exercise 
ME 
Age 
(p) 
ME Trained 
(p) 
ME 
Inter. 
(p) 
Body Mass 
initial 
g 32.6±0.7 
a 
29.9±0.9 
b 
32.7±0.7 
a 
34.0±0.8 
a 
0.014 0.368 0.018 
Body Mass 
at sac. 
g 40.9±0.9 
a 
37.1±0.4 
a 
32.3±0.6 
b 
32.9±0.9 
b 
0.001 0.359 0.197 
Body Mass 
change 
% 24.7±4.0 
a 
24.4±11.6 
a 
-1.4±2.5 
b 
-3.3±2.8 
b 
<0.001 0.765 0.816 
BMI at sac. kg/m2 4.0±0.1 
a 
3.7±0.1 
a 
3.3±0.1 
b 
3.5±0.1 
b 
0.001 0.853 0.041 
SOL Mass* mg 12.6±0.7 
a 
14.5±0.8 
b 
9.5±0.6 
c 
10.9±0.5 
cⱡ 
<0.001 0.016 0.134 
SOL Mass/gbm mg/ 
gbm 
0.31±0.01 
a 
0.39±0.01 
b 
0.30±0.02 
a§ 
0.32±0.03 
a 
0.160 0.009 0.465 
SOL Fiber 
Length 
mm 8.2±0.2 
a 
8.7±0.2 
a 
7.8±0.2 
a§ 
8.4±0.1 
aⱡ 
0.093 0.020 0.771 
SOL PCSA mm2 1.00±0.03 
a 
1.10±0.06 
a 
0.80±0.04 
b 
0.96±0.04 
b 
<0.001 0.088 0.661 
P0 mN 246.9±12.9 
a 
249.5±9.9 
a 
178.2±9. 
c§ 
184.6±7.3 
c§ 
<0.001 0.440 0.583 
P0/gbm mN/ 
gbm 
7.6±0.3 
a 
8.4±0.3 
b 
5.4±0.3 
c§ 
5.8±0.3 
c§ 
<0.001 0.071 0.473 
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Table S4 Velocity of Contraction Data presented as means ± standard error. Symbols: 
AC = adult control, AE = adult exercise, OC = older control, OE = older  exercise, different 
letters indicate differences at p<0.10; “ ⱡ  “≠ OC, p<0.05; “ § “≠AE, p<0.05; “ ¥ ”=AE; Age = 
main effect of age, Training =  main effect of training; Inter. = interaction of age*training, 
p-value, from 2x2 ANOVA, bold indicating significance; fl/s = fiber lengths/sec.  
 
  
Velocity 
fl/s 
AC AE OC OE 2x2 ANOVA 
p-value 
Age 
 
Training 
 
Inter. 
Vmax 4.5±0.3 
a 
4.2±0.2 
a 
3.7±0.2 
b¥ 
3.7±0.2 
b¥ 
<0.001 0.014 0.549 0.488 
10%P0 2.44±0.096 
a 
2.59±0.139 
a 
2.14±0.112 
b 
2.17±0.116 
a 
<0.001 0.005 0.447 0.618 
20%P0 1.61±0.061 
a 
1.74±0.094 
a 
1.43±0.078 
b 
1.45±0.071 
a§ 
<0.001 0.006 0.360 0.515 
30%P0 1.13±0.041 
a 
1.24±0.068 
a 
0.99±0.052 
b 
1.02±0.051 
a§ 
<0.001 0.002 0.214 0.479 
40%P0 0.81±0.029 
a 
0.90±0.050 
a 
0.71±0.038 
b 
0.73±0.036 
a§ 
<0.001 0.001 0.155 0.363 
50%P0 0.57±0.020 
a 
0.65±0.038 
b 
0.49±0.027 
c 
0.51±0.026 
a§ 
<0.001 <0.001 0.098 0.288 
60%P0 0.39±0.016 
a 
0.46±0.028 
b 
0.33±0.018 
c 
0.34±0.018 
c 
<0.001 <0.001 0.046 0.224 
80%P0 0.13±0.011 
a 
0.18±0.015 
b 
0.10±0.008 
c 
0.11±0.008 
a 
<0.001 <0.001 0.009 0.087 
90%P0 0.048±0.006 
a 
0.069±0.008 
b 
0.032±0.005 
c 
0.031±0.006 
c 
<0.001 <0.001 0.115 0.085 
a/P0 x 10
2 2.3±0.2 
a 
1.8±0.1 
b 
2.7±0. 
 c 
2.3±0.1 
a 
<0.001 <0.001 0.008 0.987 
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Table S5 Power Production Data presented as means ± standard error. Symbols: Pmax 
= maximum power output, %P0@Pmax = the percentage of P0 (maximum force) where 
Pmax occurs; AC = adult control, AE = adult exercise, OC = older control, OE = older 
exercise, different letters indicate differences at p<0.10; “ ⱡ  “≠ OC, p<0.05; “ § “ ≠ AE, 
p<0.05; “ ¥ ”= AE; ME Age = main effect of age, ME Training = main effect of training, 
Inter. = interaction of age*training, numbers are p-values from 2x2 ANOVA, bold 
highlighting p<0.10; mN*fl/s = milliNewtons*fiber lengths/sec; 1n=7 for OE 
  
Power 
mN*fl/s 
AC 
n=9 
AE 
n=6 
OC 
n=12 
OE 
n=9 
2x2 ANOVA 
p-value 
ME Age ME 
Training 
Inter. 
Pmax
1 89.1±4.7 
a 
97.7±10.5 
a 
54.7±5.3 
b 
61.9±46.5 
b 
<0.001 <0.001 0.240 0.918 
10%P0 61.5±4.0 
a 
65.1±5.5 
a 
42.7±3.7 
b 
42.7±4.0 
b 
<0.001 <0.001 0.396 0.983 
20%P0 81.1±5.0 
a 
87.2±7.3 
a 
53.0±5.1 
b 
56.8±4.8 
b 
<0.001 <0.001 0.382 0.845 
30%P0 85.6±5.2 
a 
93.5±7.7 
a 
54.1±5.2 
b 
59.9±5.0 
b 
<0.001 <0.001 0.245 0.860 
40%P0 81.6±4.8 
a 
90.7±7.5 
a 
51.3±5.0 
b 
56.8±4.7 
b 
<0.001 <0.001 0.196 0.743 
50%P0 72.1±4.2 
a 
81.9±6.9 
a 
44.6±4.5 
b 
49.7±4.1 
b 
<0.001 <0.001 0.144 0.635 
60%P0 59.9±3.4 
a 
69.1±6.1 
a 
35.5±3.7 
b 
40.0±3.3 
b 
<0.001 <0.001 0.081 0.501 
80%P0 26.1±1.7 
a 
36.3±3.9 
b 
14.5±1.8 
c 
17.2±1.5 
c 
<0.001 <0.001 0.005 0.217 
90%P0 10.6±1.2 
a 
15.5±2.1 
b 
5.5±1.1 
c 
5.4±1.0 
c 
<0.001 <0.001 0.078 0.070 
%P0 at 
Pmax 
1  
27.3±0.6 
a 
29.1±0.5 
b 
27.3±0.4 
c 
27.9±0.3 
c 
<0.001 0.188 0.022 0.188 
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Figure S1 Rotarod Performance Improves with Training. A. Rotarod Difference, Adult and 
Older Mice B. Rotarod Percentage Change Improved with Training, Adult and Older Mice. % 
change C. Mass and Rotarod Difference Unrelated. Simple linear regression of difference in 
seconds dependent upon mass at sac (simple linear regression: y = -1.70x + 54.57 R = 0.325, 
p=0.053) was not statistical when all four groups were compared. D. Main effect of training was 
significant when collapsed over age. Symbols: AC = adult control, AE = adult exercise, OC = older 
control, OE = older exercise, s = seconds, g = grams, “#” = p<0.10, “*” = p<0.05, numbers at base 
of columns = means, error bars = standard error. 
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Figure S2 Grip Function Preserved with Training. A. Grip Difference (seconds) AC<AE; < OC, 
p=0.043; <OE, p=0.017; adjusted for body mass. B. Grip Percent Change: no significant 
difference. C. Grip difference in seconds was correlated with mass at sacrifice (simple linear 
regression: y = -6.00x + 163.26, R = 0.425, p=0.010). D. Main Effect Exercise (grip seconds) 
p=0.027. AC = adult control, AE = adult exercise, OC = older control, OE = older exercise. 
Numbers at bar = mean; error bars = standard error, s = seconds, g =grams, * = p<0.05. 
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